One of the most successful techniques in restoration of degenerated joint functions is total hip replacement. This surgical approach includes removal of diseased cartilage and bone parts, and replacement by the corresponding joint prostheses. By using metal alloys, high quality plastic and polymer materials, orthopedic surgeons can reconstruct hip fractures, or replace a painful, dysfunctional joint with highly functional, long-lasting prostheses, enabling hundreds of thousands of people to live a more fulfilling and active life. However, most of these implants only last for 10-15 years, and one of the most common problems for both patients and doctors is implant failure. Observed in long-term, implant loosening is the main cause of failure. Occasionally, dislocation or bending of implants may occur. Fatigue fracture and wear were identified as the main problems related to loosening of implants, stress shielding, and final implant failure. There are several factors which contribute to implant integrity, including material and design, implant positioning, cementing technique and patient characteristics. To improve integrity and life of hip implant by using finite element analysis, two major factor should be considered, design and biomaterial. By using this method there are various parameters that should be define, including complex geometry of the bone and an implant, biomaterial properties, and specifics boundary conditions, i.e. contact between the hip prosthesis and the bone depending on fixation method. In orthopedic biomechanics finite element method was first used for the purpose of determining the stresses in human bones. Since then, this method has been more and more frequently applied in determining of stress state in bones and prostheses, as well as fracture fixation devices, including hip implants. This paper presents a review study of factors influencing design process and structural integrity of the hip implant.
Introduction
Total hip replacement (Figure 1 ), [1, 2] , is an effective treatment for severe forms of osteoarthritis, invalidating effects of rheumatoid arthritis, birth defects, and some sort of post-traumatic states. An increasing number of the elderly people, combined with longer life expectancy, have led to the need for better and longer-lasting orthopedic implants.
Since the current life span of implants is between 10-15 years, this can lead to four revisions during the life of the patient. An important factor during these revisions is the amount of bone remaining after surgery, which should carry the new implant, whereas the amount of residual bone largely depends on the type of implant used [3] . Another encountered problem is that when the bone is damaged during implant fixation, it regenerates naturally, but not in its original form. Bone remodeling presents a problem for good implant fixation within the acetabular cup. This condition can cause e.g. the head of the implant to fall out of place, or other cases of displacement of the implant from its designated position [4, 5] . The wear of the implant presents a problem as well [6] [7] [8] . In contrast to human bones, which can be biologically regenerated, the implant cannot repair itself or grow.
Problems that lead to the need for hip surgery
The hip joint allows the articulation between the femur and acetabulum of the pelvis. From a medical point of view, the hip is one of the major joints in the body. Walking depends on a healthy, pain-free hip. Osteoarthritis represents the primary reason for a large number of total hip replacements. Osteoarthritis of femoral neck leads to hundreds of thousands of hip fractures per year, of which almost all require surgical treatment using a metal part for fixation and implant applications [9, 10] . To understand the mechanics of the hip and the demands placed before implants that correct its problems, it is important to know the forces acting on the hip during the gait cycle.
Several millions of people worldwide suffer hip fractures each year, with the risk of fracture in women 40%, men: 13% [10] [11] [12] [13] . Osteoporosis is a decrease in bone mass often occurring with advancing of age, and the risk of fractures in people with osteoporosis is extremely high. A wide range of factors can affect the risk of hip fracture, and some of them include gender, age, and degree of osteoporosis, body weight and height [11] [12] [13] [14] [15] [16] [17] . Hip fracture occurs as a result of extreme force, with the most common cause of collision with the body surface. Various forms and degrees of hip fractures are the result of complex deformation occurring in direct collision with the hip pad. As there is a different distribution of internal stresses in the femur, very different types of hip fracture may occur.
One of the most common is the fracture of the femoral neck, which is considered an intracapsular fracture. In terms of extracapsular hip fractures, we can identify two types of fractures, intertrochanteric and sub-trochanteric fractures. In the case where it is necessary to remove the head and the neck of the femur, partial or total arthroplasty is used as a selected surgical procedure. Total hip prosthesis is applied when the clinical picture implies the existence of osteoarthritis, rheumatoid arthritis or other pathological conditions. Total hip arthroplasty (THA) is a widely-used strategy of restoration of normal function of the hip joint, which was disrupted due to fractures or diseases [1, 2, [18] [19] [20] [21] [22] [23] .
Factors influencing hip prosthetic integrity and life
The forces acting on the prosthesis, [24] [25] [26] [27] [28] caused by human activity are the result of dynamic stress that varies in time and leads to mechanical fatigue of the implant. It is therefore essential to ensure that the prosthesis does not fail due to fatigue, Figure 2 .
Although fatigue fracture incidence in hip prostheses has been significantly reduced over the past decades, it still presents a problem [29] [30] [31] [32] . Long-term performance and success of the cemented total hip arthroplasty are associated with connection of prosthesis to the bone [2, 33, 34] . Failure of cement-metal interface, caused by detachment of the stem-cement and cement fracture may initiate implant loosening in the long term, [4, [33] [34] [35] [36] according to the scenario of failure due to accumulation of damage to the stem-cement prostheses. If the design of the stem causes the formation of increased stress in the areas of fixation of the prosthesis, it is likely that ether a short-term fracture, or a long-term prosthesis fatigue will occur.
Long-term failure of cement implant is often related to particle breakage and wear and tear caused by the fragmentation of the cement due to the high stresses and accelerated micro-movements at the contact area [35] [36] [37] . It is believed that the presence of a large amount of particles causes the periprosthetic osteolysis, [38] , most probably due to the migration of particles of a compound along the bone-implant contact area. The reliability of attachment of the orthopedic implant is therefore is influenced by many factors, such as the bone quality and design of the implant and of the interface.
Femoral bone is the largest and strongest bone in the human body, located between the hip and the knee. From the mechanical standpoint, the bone can be viewed as relatively sturdy and lightweight composite material formed mainly of collagen and hydroxyapatite [39, 40] .
Femoral bone has a relatively high compressive strength of about 170 MPa, which means it has good resistance to compression force, but not as good resistance to tensile and torsional forces. The modulus of elasticity of bone varies between 0.76 and 19.6 GPa, [39, 40] . Although the bone is predominantly brittle material, it has a significant degree of elasticity, which is provided by collagen. Characteristics of the femoral bone vary depending on gender, age and level of activity of the individual.
Postoperative infection is one of the worst outcomes of surgery, [41] [42] [43] . Factors that influence the occurrence of infection after total hip replacement are the presence of a large amount of foreign material, hematoma formation making its removal more difficult, due to insufficient mobility of the joint. In such cases, it is necessary to remove the implant and the necrotic soft tissue and bone, with the appropriate treatment.
Besides infection, aseptic loosening is one of the major postoperative problems that may be caused by: mechanical failure of bone cement or even implants, the appearance of wear particles generated in the region of the interface, and the relative movement of the interface initiating stress shielding in the bone [35, 37, 44, 45] . Each of these phenomena may initiate an inconvenient biological response, resulting in bone resorption and implant loosening.
Hip implant biomaterial properties
Since the main function of the long bones of the lower body is providing support for the transfer of loads, it is reasonable to expect that the initial materials introduced to replace the joints, such as artificial hips, were metals. Of course, their stiffness and strength considerably exceed bone parameters, as shown in Table 1 [34, 39, [46] [47] [48] . Three commonly used alloys in making hip implants are stainless steels, titanium alloys and Co-Cr alloys. [39, 46] The mechanical properties of stainless steel have recently been substantially enhanced, and it represents a good alternative for older patients with lower levels of physical activity, lifetime expectancy or limited financial resources [39, 46, 47] . Cobalt-based alloys are resistant to corrosion, fatigue, wear and breakage of the alloy of iron, but their modulus of elasticity is higher than that of other biomaterials. Titanium alloys, particularly Ti-6Al-4V and Ti-6Al7Nb, are currently the most suitable materials Usually two types of total hip replacement are used. Depending on the type of interface with the carrier-bone, prosthesis can be either cement using bone cement to fix the prosthesis to the bone, or cementless, when the implant is placed directly into the bone cavity, followed by the reaction of bone known as osseointegration, which finally stabilizes the implant.
In the sense of implanting and manufacturing, there are currently two types of prostheses, monolithic (i.e. made from a single part), and modular (i.e., prostheses made of two or more parts). Modular components are assembled during the surgery itself, thus enabling the adjusting of implants intra-surgically and during future surgical revisions. This is a big advantage, in a sense that only the parts of the prosthesis where failure occurred can be replaced: for example, it is possible to replace worn-out polyethylene load bearing surfaces with new ones without removing the metal part of the prosthesis from the bone. However, the advantage of monolithic components, apart from the price, is the fact that they are less prone to corrosion and loosening.
Inasmuch the hip prosthesis is highly successful with the elderly, it is much less successful with younger people, since they apply greater and more frequent loads onto their joints in comparison [62] [63] [64] . Such prostheses are therefore more prone to failure, which leads to an increased number of early revision surgeries.
Therefore, careful evaluations of the biomaterial properties and hip prosthesis geometry must be carried out during preclinical tests to ascertain whether new designs can guarantee the mechanical resistance to the physiological load [29, [65] [66] [67] .
In order to understand the mechanisms of clinical fracture of implants, it is necessary to understand the following: the forces that act on the hip, stresses generated within the bone and the material implant, their wear effects, damage accumulation, and bone remodeling. Knowledge of biomechanics of the hip is important in determining for the prosthesis joints, and are registered in the ASTM standard as biomaterials [39, 46] .
Under normal conditions, body fluids, such as tissue fluids, lymph and blood, represent 0.9% saline solutions containing amino acids and proteins, but also solid components, such as traveling cells (leukocytes and macrophages) and blood particles (cells, platelets and erythrocytes). Described biological environment of the human body is extremely corrosive for metallic materials [39, 47, 49] .
The prosthesis used for hip replacement is comprised of a femur and acetabular components, and the femur base can be divided into the head, the neck and the body. In case of total hip replacement, the head is most commonly made of a cobalt-chrome alloy, alumina or zirconium, whereas the stem component is made of titanium alloy or CoCr-alloy, wherein steel 316L was used in the past. Sliding surfaces are often made of cobalt-chrome alloys and ultra-high-molecular-weight polyethylene (UHMWPE), since such combination can achieve properties similar to low friction sliding surfaces. Polyethylene also possesses moderate plasticity, which allows it to deform, and thus create a suitable sliding surface in contact with the CoCr-alloy.
The current approach to research and design of the implant
The successful wide application of artificial hip prosthesis, which has progressed over the last few decades, represents the result of the scientific and technological development in orthopedic surgery and bioengineering, and in particular the synergy of medicine, biomaterials and biomechanics, Figure 3 . It should be noted that the widespread use began around 1960 by introducing two invention of Sir John Charnley [39] . This system has seen many variations over the years, but it is still a significant factor in the modern joint replacement surgery.
Today, a wide range of total hip prosthesis designs, differing in geometric configurations and features, is available, for example two different designs are shown on Figure 4 . Surgeons now have the ability to closely mimic the original geometry of the hip using the whole range of different stem lengths, for both primary and highly complicated revisions and operations [50] [51] [52] [53] [54] [55] [56] . Progress in the field of chemistry and application of bone cement has led to uniform, reliable implantation. Biomaterial research has led to the emergence of new, stronger components more resistant to fatigue [57] [58] [59] [60] [61] . Although all elements of design and manufacturing of implants are improved, long-term stability of the implant remains one of the biggest problems. fracture scenarios which is necessary for effective preclinical testing, Figure 5 [29].
An alternative approach would be the use of finite element method (FEM) to obtain a preliminary overview of the expected mechanical properties of candidate designs, Figure 6 [68]. This does not mean that the preclinical testing can be eliminated, but that this approach presents a swift way to detect design with potentially poor performance.
Even though it is approximate, FEM is rather common in biomedicine, since obtaining the exact solution is not possible due to complex geometry, material properties and specificity of boundary conditions [68] [69] [70] [71] [72] [73] . Due to this, this method became a widely-used tool in orthopedic biomechanics, as a computational method suitable for determining of stresses and strain in any given point within a structure with arbitrary geometry and material complexity, given example in Figure 7 [69] . Finite element method relies on precise constitutive representation of material properties (such as elastic coefficients of a generalized Hooke's Law), geometry data, loading properties, boundary conditions and conditions at the joint.
In orthopedics, three-dimensional models are most frequently used, however in some cases two-dimensional models can be used for simplified analysis. Table 2 presents some advantages of using finite element method, as well as factors that is not possible or is very difficult to include into numerical modeling of an implant integrity.
In order to develop a FEM model, the shape of bone or implant being analyzed is divided into small elements. For three-dimensional analysis, elementary volumes with certain geometry are used (such as bricks), and for two-dimensional analysis, elementary surfaces with specific geometry (e.g. triangles or rectangles). Every element has its nodes, usually located at the tips of the element. In each node point, three (or two in case of two-dimensional analysis) displacement component are determined along with three (two for 2D analysis) force components.
FEM became a powerful and reliable numerical tool for analysis of structures subjected to different types of load in cases where solving of these problems was too complex for exclusively analytical methods. Today there are some new analytical models as well, to more accurately represent hip implant integrity problems, i.e. more realistic wear simulation models [74] . There is some state of the art technics as well, so it is possible to simulate exact geometry of the hip, i.e. by using computer graphics method 3D hip bone models from CT images are reconstructed [75] . Today numerical models can simulate different conditions in hip implants, for example [76] , were it is shown investigation of the influence of the cup outer diameter on the contact mechanics and cement fixation of a hip implant with different wear parameters using finite element method. So, nowadays it is possible to use numerical modelling for preclinical test evaluations of the implant, but it should be noted that this models are becoming more accurate.
Conclusions
The aim of the hip implants design is mimicking the natural human hip design. The hip joint is one of the most important load-bearing, shock-resistant structures inside the human body during jumping, running and walking. It is known that a good understanding of stresses transmission on the joints and bones is very useful for preoperative planning and in postoperative rehabilitation. Short-term and longterm behaviour of total and partial hip prosthesis depends on optimal stress transmission within bone-implant compound.
Generally speaking, the human body is most vulnerable to joint fatigue, and applied biomaterials must be able to withstand a large number of working cycles. This is a very difficult condition for any synthetic biomaterial to fulfill. Long-term body response to materials used for implants presents a great problem as well, especially when waste created due to wear is not resorbable. Within the body, mechanical and chemical effects act simultaneously. During evaluation of biomaterial fatigue, a simulated environment with bodily fluids is used, along with built-in friction and electro-chemical mechanisms. [69] .
Advantages of using FEM in hip implant integrity analysis
Factors influencing implant integrity and life not possible to include by using FEM In order to solve these and other problems, surgeons and bioengineers have defined project demands, as well as expected properties of suitable biomaterials. Project demands for joint prostheses are indeed very complex, since from the surgeon's standpoint, there are specific functional demands, and critical limitations due to currently available materials, and design limitations. Apart from a limited number of suitable materials, joint prostheses must also function in unfavorable environment and withstand extreme loads.
Arthroplasty problems are closely related to the properties of the material used. Depending on the region in which they should be installed, and the function that they should restore, the prerequisites for the selection of materials for the prosthesis are very different. Basically, every biomaterial must be compatible with the body (i.e. have negative tests for carcinogenicity, cytotoxicity, pyrogenicity etc.), must show a good chemical stability (corrosion resistance), which is extremely important, and must have the required mechanical properties (especially dynamic strength). Ideal metallic biomaterials for the femoral component should have a good fatigue characteristics, good strength characteristics, and high values of yield strength and tensile strength, and good corrosion resistance.
One of the key processes that accompany the product development process is a fundamental analysis of reliability, which is one of the main influencing factors on the implant integrity. Designers and manufacturers of medical devices must register their patents according to existing regulations and directives. Development of the medical device design is the first challenging step in the process of manufacturing of medical implants. Over time, the development of reliable and durable joint prostheses resulted in a significant improvement in the sustainable quality of work life in a large percentage of patients.
From the perspective of the price, reliable joint replacement prostheses with sustainable integrity are very cost-effective. The cost estimates may vary, though, depending on a number of factors such as: preoperative status, improvement opportunities, assessment of useful life, coexisting diseases.
In orthopedics, there always existed a significant interest in defining acting stresses and loads. However, mathematical tools which were available for stress analysis in classical mechanics were not suitable for calculations of extremely irregular structural characteristics of bones and implants. Thus the use of FEM represented a logical step due to its unique ability to determine the stress state of complex structures, loads and material behavior.
The final conclusions about the overall clinical performance of joint prostheses, and the best methods of fixation or designs, require long-term studies.
